Polyamine is a generic term for non-protein aliphatic amines containing 2 or more amino groups, and is derived from methionine and arginine via the polyamine synthetic pathway, in which putrescine (Put) is first produced from ornithine, followed by the formation of spermidine (Spd) and spermine (Spm). Ornithine decarboxylase is the rate-limiting enzyme controlling the pathway. These polyamines are strongly basic low-molecular compounds with positive charges that are isolated by intercalations of 3 to 4 methylene chains. From the physicochemical properties of polyamines, it has been considered that polyamines bind to negatively charged macromolecules, such as DNA, RNA and phospholipid, playing important roles in the stabilization, enhancement or inhibition of the interactions of these macromolecules, as well as in cell growth or differentiation. However, the wide range of existing polyamines and their diverse points of action make it difficult to verify their biological roles at the molecular level. In living organisms, polyamines are mainly contained in tissues, such as the thymus, prostate and spleen, where nucleic acids and proteins are actively synthesized. It has been found that urinary excretion of polyamines increases in patients 1-5 with leukemia, malignant lymphoma, digestive cancer, small cell carcinoma of the lung, ovarian cancer, etc., especially when these cancers are progressive. Therefore, the determination of polyamines may have a clinical significance, being utilizable for support of malignant neoplasm diagnosis, and for judging the effectiveness of post-operative chemotherapy. In addition, polyamines are increased by myocardial infarction, collagen diseases and other inflammatory diseases, suggesting a possibility of utilization of polyamine determination for assessments of the states of these diseases.
Polyamine is a generic term for non-protein aliphatic amines containing 2 or more amino groups, and is derived from methionine and arginine via the polyamine synthetic pathway, in which putrescine (Put) is first produced from ornithine, followed by the formation of spermidine (Spd) and spermine (Spm). Ornithine decarboxylase is the rate-limiting enzyme controlling the pathway. These polyamines are strongly basic low-molecular compounds with positive charges that are isolated by intercalations of 3 to 4 methylene chains. From the physicochemical properties of polyamines, it has been considered that polyamines bind to negatively charged macromolecules, such as DNA, RNA and phospholipid, playing important roles in the stabilization, enhancement or inhibition of the interactions of these macromolecules, as well as in cell growth or differentiation. However, the wide range of existing polyamines and their diverse points of action make it difficult to verify their biological roles at the molecular level. In living organisms, polyamines are mainly contained in tissues, such as the thymus, prostate and spleen, where nucleic acids and proteins are actively synthesized. It has been found that urinary excretion of polyamines increases in patients [1] [2] [3] [4] [5] with leukemia, malignant lymphoma, digestive cancer, small cell carcinoma of the lung, ovarian cancer, etc., especially when these cancers are progressive. Therefore, the determination of polyamines may have a clinical significance, being utilizable for support of malignant neoplasm diagnosis, and for judging the effectiveness of post-operative chemotherapy. In addition, polyamines are increased by myocardial infarction, collagen diseases and other inflammatory diseases, suggesting a possibility of utilization of polyamine determination for assessments of the states of these diseases.
Methods for analyzing polyamines include high-performance liquid chromatography, [6] [7] [8] [9] [10] [11] [12] enzyme assay 13, 14 and gas chromatography. 15, 16 Most of them are not satisfactory, showing low sensitivity, low reproducibility, time-consumption and interference of foreign substances. On the other hand, despite the fact that polyamines have been known to form complexes with various metal ions, such as manganese(II) (Mn(II)), copper(II) and palladium(II) because of the presence of multiple nitrogen atoms, 17, 18 assay methods utilizing the metalcoordinating potential of polyamines have been rarely reported. Therefore, in the present study, we focused on Spm, which is the most interesting polyamine from the viewpoints of both physiological and clinical chemistries, and attempted to establish a convenient and highly sensitive spectrophotometric method for the determination of Spm based on a color reaction to form a tridentate complex of metal-pigment-Spm. Subsequently, we also investigated the development of a method for flow injection analysis (FIA) based on the color reaction.
Experimental

Reagents and solutions
A stock solution (1.0 × 10 -2 M, 1 M = 1 mol dm -3 ) of Spm was prepared by dissolving Spm hydrochloride (Sigma-Aldrich Co.) in water. The working solution was prepared by suitable dilution of this stock solution, as required. A solution (1.0 × 10 -2 M) of Mn(II) was prepared from a stock solution (Merck Ltd.) by dilution with water. A solution of o-hydroxyhydroquinonephthalein (QP), which had been synthesized according to a method described in the literature, was prepared in a 1.0 × 10 -3 M methanol solution containing one drop of hydrochloric acid (total volume, 100 ml). A 1.0% aqueous solution of polyoxyethylene sorbitan monopalmitate (Tween 40, Kishida Chemical Co., Ltd.) was prepared by dissolving Tween 40 purified by recrystallization in water. A buffer solution of pH 8.0 was made by mixing appropriate amounts of a 0.1 M 2-amino-2-hydoxymethyl-1,3-propanediol (Tris) solution and 0.1 M hydrochloric acid. All other materials and reagents were of analytical reagent grade, and were used without further purification. Pure water was prepared by purifying deionized water with a Milli-Q Labo system just before use.
Apparatus
The absorption spectra and absorbance were measured with a Shimadzu spectrophotometer (Model UV-160) with 1.0-cm matched silica cells for conventional measurements. The pH measurements were made with a Horiba (F-11) pH meter in combination with a calomel glass electrode. For FIA, a Nihonbunko Model UV-2075 spectrophotometric detector was used with a 17-μL flow cell.
Standard procedures for the determination of Spm
The following components were mixed in a 10-ml volumetric flask: 2.0 ml of the buffer solution, 2.0 ml of a 1.0% Tween 40 solution, 0.5 ml of a 1.0 × 10 -3 M Mn(II) solution, and a solution containing 2 -15 μg of Spm and 0.5 ml of a 1.0 × 10 -3 M QP solution. The mixture was diluted to 10 ml with water, transferred into a test tube, mixed well and kept at room temperature for 15 min. The difference in the absorbance (ΔA) between that of the resultant solution and that of a reagent blank solution prepared under the same conditions was measured at 555 nm against water.
Results and Discussion
Choice of dye and metal ion
In order to examine the utility of a method for the determination of Spm based on the coloring of a dye-metal colored complex, we studied the color reactions between various dyes and metal ions by comparing the situations in the presence of Spm. First, the effect of dyes on the reaction system was investigated. As shown in Fig. 1 , the dyes were studied by using QP, m-carboxyphenylfluorone
The results are given in Table 1 . Next, as shown in Table 2 , Mn(II) was found to be superior to various metal ions tested in a weakly basic medium; cobalt(II), zinc(II), palladium(II) and nickel(II).
Optimization of reaction variables
The effect of the pH on the reaction was examined by using various buffer solutions, such as 0.05 M borax/0.1 M hydrochloric acid, 0.1 M potassium dihydrogen phosphate/0.1 M disodium hydrogen phosphate and 0.1 M Tris/0.1 M hydrochloric acid. Maximum and constant ΔA was achieved over the pH range 7.6 -8.4 by using 2.0 ml of a 0.1 M Tris/0.1 M hydrochloric acid buffer solution.
In order to stabilize the color development and to enhance the sensitivity, we examined the effects of different surfactants: anionic (sodium dodecylsulfate), nonionic (Tween 40, polyvinylalchol, Brij35, Triton X-100, Tween 20). In comparison with Mn(II)-QP in the presence of a nonionic or anionic surfactant, Mn(II)-QP in the presence of a nonionic surfactant showed that its absorbance increased. Maximum and constant ΔA was achieved by using 2.0 ml of a 1.0% Tween 40 solution. The results are summarized. In addition, since a color reaction between Mn(II)-QP and a cationic surfactant is observed, a cationic surfactant was not used.
The effects of the concentrations of QP and Mn(II) on ΔA were examined while maintaining a fixed final concentration of Spm (0.5 μg ml -1 ). The maximum absorbance was observed when the molar ratio of QP to Mn(II) was 1:1.
Hence, all further work was done with final concentrations of 0.5 ml of a 1.0 × 10 -3 M QP solution and 0.5 ml of a 1.0 × 10 -3 M Mn(II) solution. Figure 2 shows the absorption spectra of a Spm-QP-metal ion solution and a Spm-metal ion solution under the standard procedure. The difference of the absorbance at 555 nm between both solutions was proportional to the concentration of Spm. Calibration curve A calibration curve for Spm was constructed by the standard procedure. A good linear relationship was observed under 1.5 μg ml -1 of Spm. The effective molar absorptivity (ε) was calculated from the slope of the calibration graph to be 1.4 × 10 5 l mol -1 cm -1 . The relative standard deviation (RSD) for ten runs of 0.5 μg ml -1 of Spm was 0.5%. The sensitivities (ε) and reproducibilities (RSD) of Spm and its related compounds are summarized in Table 3 . Spd and acetylspermine (AcSpm) compared with Spm were almost around half the sensitivity. Put and Cad did not show the color reaction.
Interference of foreign substances
Under the standard conditions, various substances were examined to check for interference. Foreign substances, such as zinc(II), sodium chloride, potassium nitrate, disodium hydrogenphosphate, potassium cyanide, glucose, glycine, urea, creatinine, caffeine, did not noticeably affect the accuracy of the determination of Spm, even when these substances were present in large excess amounts, compared with that of Spm. The presence of iron(III) interfered in a large amount. However, the addition of cyanide ion removed the interference of iron(III). The results are summarized in Table 4 .
Composition of the colored complex
In order to clarify the reaction mechanism, we studied the composition of the colored complex by Job's method of continuous variation and the molar-ratio method. It was found that the Mn(II)-to-QP ratio were 1:2 in the presence of Spm, and 1:1 in the absence of Spm. On the other hand, the QP-to-Spm ratio was 1:1. The experimental results imply that the colored complex resulted in the production of the Mn(II)-QP-Spm (1:2:2) ternary complex. The results are shown in Fig. 3 . Accordingly, the reaction mechanism in this reaction is assumed to take place according to the following schema:
Consecutive determination of Spm and AcSpm
In many cases, Spm and its metabolite, AcSpm, are present in living organisms concurrently, and their physiological functions differ from each other. Therefore, it is very important to determine their concentrations or total amounts. It was shown that there was a difference in sensitivity between Spm and AcSpm.
Based on this difference, fractional and total determinations of Spm and AcSpm in a mixture are considered to be possible by pretreating the mixture with saponification to convert the sensitivity of AcSpm to that of free Spm, and by measuring the absorbance before and after saponification of the mixture. To investigate the saponification conditions of AcSpm, we examined the factors, including types, concentrations and added amounts of alkali, heating method and 1105 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 time, etc. The effects of the types of alkali are given in Table 5 . To 1.0 ml of a solution containing N 1 -AcSpm was added 1.0 ml of a 2.0 M sodium carbonate solution and water to make 10 ml in total volume. The mixture was heated to reflux on a hot plate with stirring for 15 min, after cooling, the pH of the mixture was adjusted to about pH 8.0 by adding 0.1 M hydrochloric acid. According to the standard procedure described, the absorbance of the Mn(II)-QP-AcSpm solution was measured at 555 nm against a Mn(II)-QP solution. The analytical sensitivity of AcSpm after saponification was comparable to that of Spm (Table 6) . Therefore, when Spm and AcSpm are present in a mixture, and if the absorbance measured before and after saponification of the mixture is designated, respectively, as A1 and A2, and the absorbance corresponding to the quantities of Spm and AcSpm present in the mixture before the saponification, respectively, as X and Y, and the sensitivity ratio (AcSpm/Spm) before the saponification as a, the two equations, A1 = X + aY and A2 = X + Y, can be formulated. If A1 and A2 are measured, X and Y can be obtained from the equations; thus, fractional and total determinations of Spm and AcSpm become possible.
Application to FIA
Because the color reaction proceeds relatively rapidly, it is considered possible to develop a method for quantitative analysis of Spm by FIA. We, therefore, examined the basic conditions of FIA; namely, the length of the reaction coil, flow rate, reaction temperature, volume of sample injection, wavelength for determination, etc. As a result, Spm could be determined at room temperature with a high analytical sensitivity in a concentration range from 2 to 20 pg/μL at a wavelength of 555 nm using a reaction coil of 5. Table 7 . The signals used for plotting the calibration curve and the calibration curve of Spm are shown in Fig. 4 .
In conclusion, a simple and highly sensitive spectrophotometric method for Spm was established with the QP and Mn(II) in a Tween 40 micellar medium. The apparent molar absorptivity at 555 nm and the relative standard deviation of the proposed method were 1.4 × 10 5 dm 3 mol -1 cm -1 and 0.50% (n = 10), respectively. In addition, the method for fractional and total determinations of Spm and AcSpm was designed.
In the FIA method, Spm could be determined at room temperature with a high analytical sensitivity in a concentration range from 2 to 20 pg μL -1 at a wavelength of 555 nm. The FIA proposed is thought to be applicable for automated measurements of Spm in clinical laboraties.
The application of the present method to biological samples should be feasible, in spite of the fact that further investigations are necessary. Table 5 
